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Description 

Wrist-worn System for Measuring Blood 

Pressure 

Background of Invention 
Field of the Invention 

[0001] The present invention features a cuffless blood-pressure 
monitor that wirelessly transmits data to an Internet- 
based system. 
Description of Related Art 

[0002] Blood within a patient's body is characterized by a base- 
line pressure value, called the diastolic pressure. Diastolic 
pressure indicates a pressure in an artery when the blood 
it contains is static. A heartbeat forces a time-dependent 
volume of blood through the artery, causing the baseline 
pressure to increase in a pulse-like manner to a value 
called the systolic pressure. The systolic pressure indi- 
cates a maximum pressure in a portion of the artery that 
contains a flowing volume of blood. 



[0003] pressure in the artery periodically increases from the dias- 
tolic pressure to the systolic pressure in a pulsatile man- 
ner, with each pulse corresponding to a single heartbeat. 
Blood pressure then returns to the diastolic pressure when 
the flowing pulse of blood passes through the artery. 

[0004] B 0t h invasive and non-invasive devices can measure a pa- 
tient's systolic and diastolic blood pressure. A non- 
invasive medical device called a sphygmomanometer 
measures a patient's blood pressure using an inflatable 
cuff and a sensor (e.g., a stethoscope) that detects blood 
flow by listening for sounds called the Korotkoff sounds. 
During a measurement, a medical professional typically 
places the cuff around the patient's arm and inflates it to 
a pressure that exceeds the systolic blood pressure. The 
medical professional then incrementally reduces pressure 
in the cuff while listening for flowing blood with the 
stethoscope. The pressure value at which blood first be- 
gins to flow past the deflating cuff, indicated by a Ko- 
rotkoff sound, is the systolic pressure. The stethoscope 
monitors this pressure by detecting strong, periodic 
acoustic "beats" or "taps" indicating that the blood is 
flowing past the cuff (i.e., the systolic pressure barely ex- 
ceeds the cuff pressure). The minimum pressure in the 



cuff that restricts blood flow, as detected by the stetho- 
scope, is the diastolic pressure. The stethoscope monitors 
this pressure by detecting another Korotkoff sound, in 
this case a "leveling off or disappearance in the acoustic 
magnitude of the periodic beats, indicating that the cuff 
no longer restricts blood flow (i.e., the diastolic pressure 
barely exceeds the cuff pressure). 

[0005] Low-cost, automated devices measure blood pressure us- 
ing an inflatable cuff and an automated acoustic or pres- 
sure sensor that measures blood flow. These devices typi- 
cally feature cuffs fitted to measure blood pressure in a 
patient's wrist, arm or finger. During a measurement, the 
cuff automatically inflates and then incrementally deflates 
while the automated sensor monitors blood flow. A mi- 
crocontroller in the automated device then calculates 
blood pressure. Cuff-based blood-pressure measure- 
ments such as these typically only determine the systolic 
and diastolic blood pressures; they do not measure dy- 
namic, time-dependent blood pressure. 

[0006] Time-dependent blood pressure can be measured with an 
invasive device, called a tonometer. The tonometer is typ- 
ically inserted into an opening in a patient's skin and fea- 
tures a component that compresses an artery against a 



portion of bone. A pressure sensor within the device then 
measures blood pressure in the form of a time-dependent 
waveform. The waveform features a baseline that indi- 
cates the diastolic pressure, and time-dependent pulses, 
each corresponding to individual heartbeats. The maxi- 
mum value of each pulse is the systolic pressure. The ris- 
ing and falling edges of each pulse correspond to pres- 
sure values that lie between the systolic and diastolic 
pressures. 

[0007] D ata indicating blood pressure are most accurately mea- 
sured during a patient's appointment with a medical pro- 
fessional, such as a doctor or a nurse. Once measured, the 
medical professional manually records these data in either 
a written or electronic file. Appointments typically take 
place a few times each year. Unfortunately, in some cases, 
patients experience "white coat syndrome" where anxiety 
during the appointment affects the blood pressure that is 
measured. For example, white coat syndrome can elevate 
a patient's heart rate and blood pressure; this, in turn, can 
lead to an inaccurate diagnosis. 

[0008] Some medical devices for measuring blood pressure and 
other vital signs include systems for transmitting data 
from a remote site, such as the patient's home, to a cen- 



tral database. These systems can include a conventional 

computer modem that transmits data through a telephone 

line to the database. Or alternatively they can include a 

wireless transmitter, such as a cellular telephone, which 

wirelessly transmits the data through a wireless network. 
Brief Description of Drawings 

[0009] The features and advantages of the present invention can 
be understood by reference to the following detailed de- 
scription taken with the drawings, in which: 

[0010] pig. 1 is a schematic side view of the cuffless blood- 
pressure monitor of the invention, featuring a "watch" 
component and a wireless hub; 

[001 1] pig. 2A is a top view of the watch component of Fig. 1, 
featuring finger and wrist-mounted modules; 

[0012] Fig. 2B is a side view of the wireless hub of Fig. 1; 

[0013] Fig. 3 is a schematic diagram of the electrical components 
of the watch component and wireless hub used in the 
blood-pressure monitor of Figs. 1, 2A, and 2B; 

[0014] Fig. 4 is a schematic view of an Internet-based system, 
coupled with the blood-pressure monitor of Fig. 1, that 
transmits blood-pressure data through a wireless network 
to an Internet-accessible host computer system; 



[0015] pig. 5 is a graph of optical and pressure waveforms, mea- 
sured by a watch component of the invention, that are 
processed to determine blood pressure; and 

[0016] pig. 6 is a graph of time-dependent blood pressure mea- 
sured from a patient by processing the time-dependent 

waveforms of Fig. 5. 
Detailed Description 

[0017] The following description refers to the accompanying 
drawings that illustrate certain embodiments of the 
present invention. Other embodiments are possible and 
modifications may be made to the embodiments without 
departing from the spirit and scope of the invention. 
Therefore, the following detailed description is not meant 
to limit the present invention. Rather, the scope of the 
present invention is defined by the appended claims. 

[0018] An aspect of the invention is to provide a cuffless, wrist- 
worn blood-pressure monitor that features a form factor 
similar to a common watch. The monitor typically includes 
two parts: a watch component that measures blood pres- 
sure, and a separate wireless hub that sends this and 
other information to an Internet-accessible website for 
viewing and analysis. The watch component features indi- 
vidual sensors that measure optical and pressure wave- 



forms, and a microcontroller that analyzes these wave- 
forms to determine beat-to-beat blood pressure without 
using a constrictive cuff. A short-range wireless transmit- 
ter (using, e.g., a Bluetooth™ protocol) within the watch 
component sends this information to a matched receiver 
in the wireless hub. Additionally the hub includes a long- 
range wireless transmitter (e.g., a radio modem) that 
sends the blood-pressure information through a wireless 
network to an Internet-based website. 
[0019] patients can order the monitor using a separate page in 
the Internet-based website and it use continuously for a 
short (e.g. 1 month) period of time. During this time in- 
formation is periodically sent (e.g., every 15 minutes) to 
the website, where software monitors the incoming data 
and transmits summary reports to the patient. When the 
monitoring period is complete the patient returns the 
monitor. 

[0020] Specifically, in one aspect, the invention provides a blood- 
pressure monitoring device featuring: 1) a thin-film, pres- 
sure-monitoring module containing a pressure-sensitive 
region; 2) an optical module containing an optical source 
and an optical detector; and 3) a microprocessor config- 
ured to receive and process information from the thin- 



film, pressure-monitoring module and the optical module 
to determine blood pressure. 

[0021] The pressure-sensitive region within the thin-film, pres- 
sure-monitoring module typically includes a material 
characterized by pressure-dependent electrical proper- 
ties, e.g. a resistance that varies with applied pressure. 
This component can include a plastic film that encases the 
pressure-sensitive region. Within the optical module, the 
optical source is typically a laser or a light-emitting diode, 
and the optical detector is a photodiode. In typical em- 
bodiments, a finger-mounted component, such as an an- 
nular ring, houses the optical module. A wrist-mounted 
component, typically having a form factor similar to a 
conventional watch, houses the thin-film pressure- 
monitoring module. 

[0022] The blood-pressure monitoring device typically includes a 
short-range wireless transmitter operating on a wireless 
protocol based on Bluetooth™, part-15, or 802.11. In this 
case, "part-15" refers to a conventional low-power, 
spread-spectrum, short-range wireless protocol, such as 
that used in cordless telephones. In typical embodiments, 
the short-range wireless transmitter sends information to 
an external, secondary wireless component that includes a 



short-range wireless receiver (also operating a Blue- 
tooth™, part-15, or 802.11 wireless protocol) and a long- 
range wireless transmitter. The long-range wireless trans- 
mitter transmits information over a terrestrial, satellite, or 
802.11-based wireless network. Suitable networks include 
those operating at least one of the following protocols: 
CDMA, GSM, GPRS, Mobitex, DataTac, iDEN, and analogs 
and derivatives thereof. 

[0023] jo measure blood pressure, the pressure-monitoring 
module generates a pressure waveform, and the optical 
module generates an optical waveform. The microproces- 
sor runs computer-readable code that processes both the 
optical and pressure waveforms to determine blood pres- 
sure. The term "microprocessor" means a silicon-based 
microprocessor or microcontroller that can run compiled 
computer code to perform mathematical operations on 
data stored in a memory. Examples include ARM7 or 
ARM9 microprocessors manufactured by a number of dif- 
ferent companies; AVR 8-bit RISC microcontrollers manu- 
factured by Atmel; PIC CPUs manufactured by Microchip 
Technology Inc.; and high-end microprocessors manufac- 
tured by Intel and AMD. 

[0024] | n the above-described system, the term "wireless net- 



work" refers to a standard wireless communication net- 
work. These networks, described in more detail below, 
connect a wireless transmitter or a silicon-based chipset 
to the Internet-based software piece. 

[0025] The invention has many advantages. In particular, it allows 
patients to conduct a low-cost, comprehensive, real-time 
monitoring of their blood pressure. Information can be 
viewed using an Internet-based website, using a personal 
computer, or simply by viewing a display on the monitor. 
Data measured several times each day provide a relatively 
comprehensive data set compared to that measured dur- 
ing medical appointments separated by several weeks or 
even months. This allows both the patient and medical 
professional to observe trends in the data, such as a 
gradual increase or decrease in blood pressure, which 
may indicate a medical condition. The invention also min- 
imizes effects of white coat syndrome since the monitor 
automatically makes measurements with basically no dis- 
comfort; measurements are made at the patient's home or 
work rather than in a medical office. 

[0026] Real-time, automatic blood pressure measurements, fol- 
lowed by wireless transmission of the data, are only prac- 
tical with a non-invasive, cuffless monitor like that of the 



present invention. Measurements can be made completely 
unobtrusive to the patient. And the monitor alleviates 
conditions, such as an uncomfortable or poorly fitting 
cuff, that can erroneously affect a blood-pressure mea- 
surement. 

[0027] The monitor can also measure pulse oximetry to charac- 
terize the patient's heart rate and blood oxygen saturation 
using the same optical system for the blood-pressure 
measurement. These data can be wirelessly transmitted 
and used to further diagnose the patient's cardiac condi- 
tion. 

[0028] The monitor is small, easily worn by the patient during 
periods of exercise or day-to-day activities, and makes a 
non-invasive blood-pressure measurement in a matter of 
seconds. Measurements can be made with no effect on the 
patient. An on-board or remote processor can analyze the 
time-dependent measurements to generate statistics on a 
patient's blood pressure (e.g., average pressures, standard 
deviation, beat-to-beat pressure variations) that are not 
available with conventional devices that only measure sys- 
tolic and diastolic blood pressure at isolated times. 

[0029] ultimately the wireless, internet-based blood pressure- 
monitoring system described herein provides an in-depth, 



cost-effective mechanism to evaluate a patient's cardiac 
condition. Certain cardiac conditions can be controlled, 
and in some cases predicted, before they actually occur. 
Moreover, data from the patient can be collected and ana- 
lyzed while the patient participates in their normal, day- 
to-day activities. This provides a relatively comprehensive 
diagnosis that is not possible using a conventional medi- 
cal-diagnostic system. 

[0030] The resulting data, of course, have many uses for pa- 
tients, medical professional, insurance companies, phar- 
maceutical agencies conducting clinical trials, and organi- 
zations for home-health monitoring. 

[0031] pig. 1 shows an optical, cuffless blood-pressure monitor 9 
according to the invention that measures a patient's real- 
time, beat-to-beat blood pressure. The monitor 9 fea- 
tures a watch component 10 that measures blood pres- 
sure without using a cuff, and a wireless hub 20 that re- 
ceives and transmits this information to an Internet-ac- 
cessible website. The watch component 10 features an 
optical finger-mounted module 13 that attaches to a pa- 
tient's index finger 14, and a wrist-mounted module 11 
that attaches to an area 15 of the patient's wrist where a 
watch is typically worn. A cable 12 provides an electrical 



connection between the finger-mounted 13 and wrist- 
mounted 11 modules. During operation, the finger- 
mounted module 13 measures an optical "waveform" and 
the wrist-mounted module measures a pressure "wave- 
form" as described in detail below. Once these waveforms 
are measured, the watch component 10 processes them to 
determine diastolic and systolic blood pressure, real-time 
beat-to-beat blood pressure, heart rate, and pulse 
oximetry. The watch component 10 transfers this infor- 
mation using a short-range wireless link 26 to the wire- 
less hub 20. The hub 20 receives the information and, in 
turn, sends it over a long-range wireless link 24 to an In- 
ternet-accessible website. In order to send information 
directly to a personal computer, both the watch compo- 
nent 10 and the wireless hub 20 include wired links 25, 
27 (e.g., a serial cable connected to a serial port) to a per- 
sonal computer. 

[0032] Software programs associated with the Internet-accessible 
website and the personal computer analyze the blood 
pressure, and heart rate, and pulse oximetry values to 
characterize the patient's cardiac condition. These pro- 
grams, for example, may provide a report that features 
statistical analysis of these data to determine averages, 



data displayed in a graphical format, trends, and compar- 
isons to doctor-recommended values. 

[0033] The blood-pressure monitor 9 measures cardiac informa- 
tion non-invasively with basically no inconvenience to the 
patient. This means information can be measured in real 
time and throughout the day, e.g., while the patient is 
working, sleeping, or exercising. For example, during 
work or sleep, the wireless hub 20 rests near the patient 
(e.g. on a desktop), while during exercise it attaches to 
the patient's belt. In this way, the blood-pressure monitor 
9, combined with the above-described software pro- 
grams, provides an extensive, thorough analysis of the 
patient's cardiac condition. Such analysis is advantageous 
compared to conventional blood-pressure measurements, 
which are typically made sporadically with an uncomfort- 
able cuff, and thus may not accurately represent the pa- 
tient's cardiac condition. 

[0034] pigs. 2A and 2B show, respectively, mechanical drawings 
of the watch component 10 and wireless hub 20. The 
watch component 10 features a wrist-mounted module 11 
that looks similar to a conventional watch, and includes an 
LCD display 21 that shows, for example, diastolic and 
systolic blood pressure values, pulse oximetry, heart rate, 



and the time of day. Using a series of buttons 19, the pa- 
tient can select additional functions, such as historical and 
statistical analysis, or a graphical display, of this informa- 
tion. The finger-mounted module 13 looks like a conven- 
tional finger ring, and connects to the wrist-mounted 
module 11 using a thin, transparent cable 12 that, during 
use, rests on a top portion of the patient's wrist. The 
wrist-mounted module 11 additionally includes a serial 
port 40 having a form similar to a stereo-jack connector 
that downloads information to a personal computer using 
an appropriate cable. 
[0035] The wireless hub 20 features a discrete plastic case 33 
that houses its electronics and is small enough to be 
placed in a purse or rest on a desktop. The case 33 in- 
cludes a clip 17 that attaches, e.g., to the patient's belt so 
it can be worn daily or during exercise. Using the short- 
range wireless link, the wireless hub 20 receives informa- 
tion when it comes within about twenty feet of the watch 
component, and then automatically transmits the infor- 
mation through a wireless network as described in more 
detail below. 

[0036] when a distance greater than twenty feet separates the 
hub 20, the watch component 10 simply stores informa- 



tion in memory and continues to make measurements. 
The watch component automatically transmits all the 
stored information (along with a time /date stamp) when 
it comes in proximity to the hub 20, which then transmits 
the information through the wireless network. 
[0037] pig. 3 shows in detail electronic components featured in 

both the watch component 10 and the wireless hub 20. To 
generate the optical waveform, the watch component 10 
includes a light source 30 and a photodetector 31 within 
the finger-mounted module. The light source 30 typically 
includes light-emitting diodes that generate both red (X ~ 
630nm) and infrared (X ~ 900nm) radiation. As the heart 
pumps blood through the patient's finger, blood cells ab- 
sorb and transmit varying amounts of the red and infrared 
radiation depending on how much oxygen binds to the 
cells" hemoglobin. The photodetector 31 detects trans- 
mission at the red and infrared wavelengths, and in re- 
sponse generates a radiation-induced current that travels 
through a cable to a pulse-oximetry circuit 35 embedded 
within the wrist-worn module. The pulse-oximetry circuit 
35 connects to an analog-to-digital signal converter 46 
that converts the radiation-induced current into the time- 
dependent optical waveform, which is then sent back to 



the pulse-oximetry circuit 35 and analyzed to determine 
both heart rate and the pulse oximetry value. 
[0038] The wrist-mounted module additionally includes a thin- 
film pressure sensor 34 that includes a pressure-sensitive 
region. This region features a pressure-sensitive film 
characterized by an electrical resistance that varies with 
the amount of applied pressure. Such sensors, e.g., in- 
clude the ELF sensor manufactured by Tekscan of South 
Boston, MA (www.tekscan.com). This sensor is described 
in detail in U.S. Patent 6,272,936, the contents of which 
are incorporated herein by reference. During operation, 
the sensor 34 contacts skin disposed directly above an 
underlying artery in the patient's wrist, and measures a 
change in pressure caused by each heartbeat. To accu- 
rately characterize pressure, a data-processing circuit 32, 
embedded in the wrist-worn module, passes current 
through the pressure sensor 34. This results in a voltage 
that varies with the pressure-sensitive electrical resis- 
tance. The analog-to-digital converter 46 samples the 
variable voltage and in response generates a time- 
dependent pressure waveform that the data-processing 
circuit 32 receives, stores in an internal memory, and then 
analyzes. Specifically, the circuit 32 includes a micropro- 



cessor that runs computer-readable firmware to analyze 
both the optical and pressure waveforms using one of the 
algorithms described in detail below. Processing these 
waveforms yields blood pressure, pulse oximetry, heart 
rate, along with various statistics (e.g., average values, 
standard deviation) of this information. 

[0039] Once determined, the data-processing circuit 32 sends 
the calculated values and waveforms to an LCD 42 seated 
on the wrist-mounted module. The LCD 42 displays this 
information, as well as text messages sent from the Inter- 
net-accessible website. Additionally the circuit 32 avails 
the calculated values and waveforms through a serial port 
40 to a personal computer, which displays and analyzes 
the information using a client-side software application. A 
battery 37 powers all the electrical components within the 
watch component, and is typically a metal hydride battery 
(typically generating 5V) that can be recharged through a 
battery recharge interface 44. 

[0040] | n order to transmit information to the wireless hub, the 
wrist-mounted module includes a wireless, short-range 
wireless transmitter 38 (e.g., a Bluetooth™ transmitter) 
that receives information from the data-processing circuit 
32 and transmits this information in the form of a packet 



through an antenna 39. A matched antenna 49 coupled to 
a wireless, short-range receiver 50 (e.g., a Bluetooth™ re- 
ceiver) in the wireless hub receives the packet and passes 
it to a microprocessor 45. The microprocessor 45 formats 
the information in a packet suitable for transmission 
through the wireless network, and then sends the packets 
to a long-range wireless modem 41 (e.g., a modem oper- 
ating on the Mobitex or DataTac networks). Using an an- 
tenna 43, the long-range wireless modem 41 transmits 
the packet through the wireless network to an Internet- 
accessible website. 
[0041] pig. 4 shows an Internet-based system 52 that operates in 
concert with the watch component 10 and wireless hub 20 
to send information from a patient 50 through a wireless 
network to the Internet. During operation, the wireless 
hub 20 transmits this information over a two-way wireless 
network 54 and ultimately to a web site 66. A secondary 
computer system 69 accesses the website 66 through the 
Internet 67. The system 52 functions in a bi-directional 
manner, i.e. the wireless hub 20 can both send and re- 
ceive data. Most data flows from the hub 20; using the 
same network, however, this module also receives data 
(e.g., "requests" to measure data or text messages) and 



software upgrades. 

[0042] D ata are typically transmitted through the wireless net- 
work 54 as packets that feature a "header" and a "pay- 
load". The header includes an address of the source wire- 
less transmitter and a destination address on the network. 
The payload includes the above-described data. Data 
packets are transmitted over conventional wireless terres- 
trial network, such as a CDMA, CSM/GPSRS, Mobitex, or 
DataTac network. Or they may be transmitted over a 
satellite network, such as the Orbcomm network. The 
specific network is associated with the wireless transmit- 
ter used by the monitor to transmit the data packet. 

[0043] a gateway software piece 55 connects to the wireless net- 
work 54 and receives the data packet from one or more 
devices. The gateway software piece 55 additionally con- 
nects to a host computer system 57 that includes a 
database 63 and a data-processing component 68 for, re- 
spectively, storing and analyzing the data. The host com- 
puter system 57, for example, may include multiple com- 
puters, software pieces, and other signal-processing and 
switching equipment, such as routers and digital signal 
processors. The gateway software piece 55 typically con- 
nects to the wireless network 54 using a TCP/IP-based 



connection, or with a dedicated, digital leased line (e.g., a 
frame-relay circuit or a digital line running an X.25 proto- 
col). The host computer system 57 also hosts the web site 
66 using conventional computer hardware (e.g. computer 
servers for both a database and the web site) and software 
(e.g., web server and database software). 
[0044] During typical operation, the patient continuously wears 
the blood-pressure monitor for a short period of time, 
e.g. one to two weeks after visiting a medical professional 
during a typical "check up" or after signing up for a short- 
term monitoring program through the website. For 
longer-term monitoring, the patient may measure blood 
pressure once each day for several months. To view infor- 
mation sent from the blood-pressure monitor, the patient 
or medical professional accesses a patient user interface 
hosted on the web site 66 through the Internet 67 from a 
secondary computer system 69. The patient interface dis- 
plays blood pressure and related data measured from a 
single patient. The system 52 may also include a call cen- 
ter, typically staffed with medical professionals such as 
doctors, nurses, or nurse practitioners, who access a 
care-provider interface hosted on the same website 66. 
The care-provider interface displays blood pressure data 



from multiple patients. 

[0045] | n an alternate embodiment, the host computer system 57 
includes a web services interface 70 that sends informa- 
tion using an XML-based web services link to a secondary, 
web-based computer application 71. This application 71, 
for example, could be a data-management system oper- 
ating at a hospital. 

[0046] Referring to Figs. 3 and 4, the wrist-worn component 10 
may additionally include a GPS 47 that receives GPS sig- 
nals through an antenna 48 from a constellation of GPS 
satellites 60 and processes these signals to determine a 
location (e.g., latitude, longitude, and altitude) of the 
monitor and, presumably, the patient. This location could 
be used to locate a patient during an emergency, e.g. to 
dispatch an ambulance. 

[0047] The steps for processing the pressure and pulse-oximetry 
waveforms to determine blood pressure are described in 
detail in a co-pending patent application, filed on the 
same day as this application, entitled CUFFLESS SYSTEM 
FOR MEASURING BLOOD PRESSURE, the contents of which 
are incorporated herein by reference. 

[0048] pig. 5 shows a graph 75 that indicates how the micropro- 
cessor within the wrist-mounted component processes 



optical 80 and pressure 90 waveforms to determine blood 
pressure. During a measurement, the watch component 
10 is worn with the wrist-worn module secured to the pa- 
tient's wrist (like a watch), and the finger-worn module 
secured to the patient's finger (like a ring). Blood flowing 
following a heartbeat causes pressure in an underlying 
artery to rise from the diastolic pressure (P . ) to the sys- 

dias 

tolic pressure (P ). The thin-film pressure sensor within 

sys 

the wrist-mounted component detects a pressure wave- 
form 90, with each heartbeat generating a "pressure 
pulse" 90a-c with a magnitude indicating a heartbeat-in- 
duced rise in pressure. This pressure rise, as shown in Fig. 
5, is proportional to the systolic pressure. Blood flowing 
through the artery from the wrist to the finger is mea- 
sured at a later time by the optical module within the fin- 
ger-mounted module. The module generates the optical 
waveform 80 featuring a series of "optical pulses" 80a-c, 
like the pressure pulses 90a-c, each corresponding to an 
individual heartbeat. 
[0049] The time difference between when the thin-film pressure 
sensor measures a pressure pulse and when the optical 
module measures a corresponding optical pulse is the 
time it takes blood to flow along a length AL of the artery. 



This time, shown in Fig. 5 as AT, yields the flow rate (AT = 
1/Q~ 1/(P - P )). The microprocessor calculates AT 

sys dias 

by measuring the peak intensity of both the optical and 
pressure pulses, and then calculating the time lag be- 
tween these pulses. 

[0050] a calibration process is typically required to convert Q 
into a pressure value using the equation: 

[0051] AP = 16vALQ/r 2 (1) 

[0052] This simplified equation considers the artery to be elastic 
and the flow of blood to be pulsatile, i.e. not steady state, 
and takes into account Poiseuillei"s law, which describes a 
Newtonian liquid propagating in a tube. According to 
Poiseuillei"s law, the linear flow (Q) through a tube of 
length L and radius r relates to a pressure gradient (AP) 
and the viscosity (v) of the flowing liquid (i.e. blood). 

[0053] jo calibrate the watch component, a patient attaches a 
stand-alone cuff to their arm prior to making an actual 
measurement. The cuff features a serial output that sends 
pressure values to the watch component as the cuff in- 
flates. This cuff is only used during calibration. To 'set up' 
the system, the user inflates the cuff, which in turn ap- 
plies pressure to the arm and underlying artery. Pressure 
gradually increases until it first meets the patient's dias- 



tolic pressure. At this point, the cuff compromises blood 
flow in the artery, and the pulses in the optical waveform 
begin to decrease. This determines P . As the pressure 

a dias K 

increases to the systolic pressure, the signal measured by 
both the thin-film pressure sensor and the optical module 
decrease to 0. This is because temporarily stops flowing 
through the artery because of the applied pressure, and 
thus no signals are measured. This determines P . The 

sys 

patient then removes the cuff, at which point the watch 
component begins measuring AT (and thus Q). 
[0054] with these values, Eqn. 1 reduces to: 

[0055] AP = P - P = X Q (2) 

sys dias 1 

[0056] where X is a calibration factor that accounts for blood 

i 

viscosity (v), the radius of the underlying artery (r), and 
the length separating the pressure sensor and optical 
module (AL). Using X , the microprocessor analyzes a 
simple measurement of AT to determine AP = P -P 

sys dias 

In addition, the calibration process can be used to corre- 
late the maximum pulse magnitude in the pressure wave- 
form to P 

sys 

[0057] p = X P (3) 
max 2 sys 

[0058] The calibration factors X , are automatically calculated 



by the microprocessor during the set-up process and 
used for all on-going measurements. 

[0059] Once the calibration is performed, the cuff is removed, 
and the watch component measures flow rate to deter- 
mine systolic and diastolic pressure using the calibration 
factors as described above. Measurements can be per- 
formed continuously without any discomfort to the patient 
because no cuff is required. 

[0060] The monitor determines beat-by-beat blood pressure by 
processing the systolic and diastolic blood pressures de- 
termined as described above with an optical waveform, 
similar to that shown in Fig. 5. This processing involves a 
simple linear transformation wherein the baseline of the 
optical waveform is mapped to the diastolic pressure, and 
the average height of a train of pulses is mapped to the 
systolic pressure. The linear transformation algorithm de- 
termines points in between these two extremes. 

[0061] pig. 6 shows a graph 98 that plots the beat-to-beat blood 
pressure resulting from the above-described measure- 
ments. The graph 98 features a waveform 99, indicating 
the patient's real-time, beat-to-beat blood pressure. The 
waveform 99 includes a baseline that represents the dias- 
tolic blood pressure (in this case about 66 mmHg). As the 



patient's heart beats, blood volume forces through the 
measured artery, increasing the blood pressure. A first 
pulse 99a in the waveform 99 indicates this increase. The 
maximum value of the pulse (in this case about 117 
mmHg) represents the systolic blood pressure. As the 
blood volume passes through the artery, the pressure de- 
creases and returns to the baseline, diastolic value. This 
cycle is repeated, as represented by additional pulses 
99b-d, as the patient's heart continues to beat. 

[0062] other embodiments are within the scope of the invention. 
For example, the placement of the above-described opti- 
cal, mechanical, and electrical modules can be modified to 
change the form factor of the device. Or the modules can 
be integrated into a single hand-held device or an arm- 
worn patch. Other configurations of the above-described 
optical, mechanical, and electrical sensors are also within 
the scope of the invention. 

[0063] The watch component can also use algorithms other than 
those described above to process data measured by the 
module. These algorithms are typically based on the 
equations described above, but may vary in their form. In 
other embodiments, electrical components within the 
watch component (as shown in Fig. 3) are consolidated 



into a single silicon-based device. 
[0064] The device can also be used in ways other than those de- 
scribed above. For example, in one embodiment, a patient 
using an Internet-accessible computer and web browser, 
such as those described in Fig. 4, directs the browser to 
an appropriate URL and signs up for a service for a short- 
term (e.g., 1 month) period of time. The company provid- 
ing the service completes an accompanying financial 
transaction (e.g. processes a credit card), registers the pa- 
tient, and ships the patient a blood-pressure monitor for 
the short period of time. The registration process involves 
recording the patient's name and contact information, a 
number associated with the monitor (e.g. a serial num- 
ber), and setting up a personalized website. The patient 
then uses the monitor throughout the monitoring period, 
e.g. while working, sleeping, and exercising. During this 
time the monitor measures data from the patient and 
wirelessly transmits it through the channel described in 
Fig. 4 to a data center. There, the data are analyzed using 
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software (e.g., reporting software supported by an Oracle 
database) running on computer servers to generate a sta- 
tistical report. The computer servers then automatically 
send the report to the patient using email, regular mail, or 



a facsimile machine at different times during the monitor- 
ing period. When the monitoring period is expired, the 
patient ships the blood-pressure monitor back to the 
monitoring company. 
[0065] | n other embodiments, the watch component includes an 
electrical impedance (El) sensor that features an electrode 
pair that characterizes impedance plethysmography as a 
way of determining changing tissue volumes in an under- 
lying tissue body. The El sensor measures electric 
impedance at the tissue surface by transmitting a small 
amount of alternating current (typically between 20-100 
kHz) through the underlying tissue. The tissue includes 
components such as bone and skin that have a static (i.e. 
time invariant) impedance, and flowing blood, which has a 
dynamic (i.e. time varying) impedance. Blood has a well- 
defined resistivity of about 160 Q-cm. Impedance, de- 
fined as electrical resistance to alternating current, will 
therefore vary as the volume of blood in the tissue 
changes with each heartbeat. Measurements made with 
the El sensor, following processing with a firmware algo- 
rithm, yield an impedance waveform that features "pulses" 
indicating the time-dependent volumetric flow of blood. 
When the El sensor replaces the thin-film pressure sensor, 



the separation between pulses in the impedance waveform 
and those in the optical waveform yield AP. Combined 
with the above-described calibration process, the magni- 
tude of each pulse can be correlated to P . The entire 
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impedance waveform can therefore be used in place of the 
pressure waveform to determine P and P 
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[0066] | n addition to this sensor, the blood-pressure monitor can 
include a pair of optical modules that measure the time- 
dependent variation in arterial diameter caused by blood 
flow. These data, along with data generated by the El sen- 
sor, can be processed with a mathematical algorithm to 
determine blood pressure. 

[0067] The mathematical algorithm used for this calculation can 
take many forms. For example, the paper entitled "Cuff- 
less, Continuous Monitoring of Beat-to-Beat Pressure Us- 
ing Sensor Fusion" (Boo-Ho Yang, et al., submitted to the 
IEEE Transactions on Biomedical Engineering, 2000) de- 
scribes an algorithm based on a two-dimensional Navier- 
Stokes differential equation that models pulsatile flow of a 
Newtonian liquid (e.g., blood) through an elastic, de- 
formable cylindrical vessel (e.g., an artery). This differen- 
tial equation can be solved in a number of different ways 
to determine the patient's blood pressure. 



[0068] | n other embodiments, the watch component includes a 
pair of optical modules, as described above, measure 
blood flow at two separate points on a patient. A micro- 
processor processes these data to determine a time dif- 
ference (AT) for blood to flow from the first point to the 
second point. The microprocessor detects the separation 
between the peak values of two sequential pulses and 
uses an internal real-time clock to convert this separation 
into a time value. These parameters are then processed 
according to the algorithm and calibration process de- 
scribed below to determine blood flow rate that is then 
used to determine the systolic and diastolic pressures. 

[0069] | n s tj|| other embodiments, the antennae used to transmit 
the blood pressure data or receive the CPS signals are 
embedded in the monitor, rather than being exposed. 

[0070] web pages used to display the data can take many differ- 
ent forms, as can the manner in which the data are dis- 
played. Web pages are typically written in a computer lan- 
guage such as "HTML" (hypertext mark-up language), and 
may also contain computer code written in languages 
such as java and javascript for performing certain func- 
tions (e.g., sorting of names). The web pages are also as- 
sociated with database software (provided by companies 



such as Oracle and Microsoft) that is used to store and ac- 
cess data. Equivalent versions of these computer lan- 
guages and software can also be used. In general, the 
graphical content and functionality of the web pages may 
vary substantially from what is shown in the above- 
described figures. In addition, web pages may also be for- 
matted using standard wireless access protocols (WAP) so 
that they can be accessed using wireless devices such as 
cellular telephones, personal digital assistants (PDAs), and 
related devices. 

[0071] Different web pages may be designed and accessed de- 
pending on the end-user. As described above, individual 
users have access to web pages that only their blood 
pressure data (i.e., the patient interface), while organiza- 
tions that support a large number of patients (e.g. hospi- 
tals) have access to web pages that contain data from a 
group of patients (i.e., the care-provider interface). Other 
interfaces can also be used with the web site, such as in- 
terfaces used for: insurance companies, members of a 
particular company, clinical trials for pharmaceutical com- 
panies, and e-commerce purposes. Blood pressure data 
displayed on these web pages, for example, can be sorted 
and analyzed depending on the patient's medical history, 



age, sex, medical condition, and geographic location. 

[0072] The web pages also support a wide range of algorithms 
that can be used to analyze data once they are extracted 
from the data packets. For example, an instant message 
or email can be sent out as an "alert" in response to blood 
pressure indicating a medical condition that requires im- 
mediate attention. Alternatively, the message could be 
sent out when a data parameter (e.g. systolic blood pres- 
sure) exceeds a predetermined value. In some cases, mul- 
tiple parameters (e.g., blood pressure and pulse oximetry) 
can be analyzed simultaneously to generate an alert mes- 
sage. In general, an alert message can be sent out after 
analyzing one or more data parameters using any type of 
algorithm. These algorithms range from the relatively 
simple (e.g., comparing blood pressure to a recommended 
value) to the complex (e.g., predictive medical diagnoses 
using "data mining" techniques). In some cases data may 
be "fit" using algorithms such as a linear or non-linear 
least-squares fitting algorithm. In general, any algorithm 
that processes data collected with the above-described 
method is within the scope of the invention. 

[0073] still other embodiments are within the scope of the fol- 
lowing claims. 



